ABSTRACT A three-dimensional model of the stomatostylet and associated structures has been reconstructed from serial thin sections of Aphelenchus avenae, a representative of Tylenchomorpha, a group including most plant parasitic nematodes. The reconstruction is compared with previous work on bacteriovorous cephalobids and rhabditids to better understand the evolution of the stylet and its associated cells. Two arcade syncytia (''guide ring'') line the stylet shaft, supporting the hypothesis that the stylet shaft and cone (into which the shaft extends and which is not lined by syncytia) are homologous with the gymnostom of cephalobids, the sister taxon of tylenchids. Epidermal syncytia, HypA, HypB, HypC, and HypE, line the cephalic framework, vestibule, and vestibule extension, congruent with the hypothesis that these components are homologous with the cephalobid cheilostom. Relative to outgroups, HypC is expanded in A. avenae, enclosing sensilla that fill most of the cephalic framework. The homolog of syncytium HypD in the cephalobid Acrobeles complexus is not observed in A. avenae. Arcade syncytia are reduced compared with those of cephalobids. Stylet protractor muscles in A. avenae are homologous with the most anterior set of radial muscles of cephalobids. Observations to date test and verify our previous hypotheses of homology of the stomatostylet with respect to the stoma of bacteriovorous outgroups. Reconstruction of the stegostom and pharynx will provide further tests of homology and evolution of feeding structure adaptations for plant parasitism.
Molecular phylogenies often raise questions of morphological evolution where they impose a new paradigm on classical scenarios reliant on opposing ideas of phylogeny. One pressing case of incongruence has been shown in nematodes regarding the evolution of the Tylenchomorpha, which include most species of plant parasitic nematodes, as well as many insect parasites and fungivores. With finer phylogenetic resolution based on molecular analyses, it is apparent that evolution of feeding structures for a parasitic lifestyle can no longer be explained by traditional scenarios, with which new hypotheses of relationships are incongruent. Accumulating evidence suggests that Tylenchomorpha, with a specialized stomatostylet, are sister taxon to or nested within the Cephalobomorpha (Aleshin et al., 1998; Blaxter et al., 1998; Holterman et al., 2006; Meldal et al., 2007; Nadler et al., 2006; Smythe and Nadler, 2006) , which lack a stylet and instead have an open stoma characteristic of microbivores. Our understanding of morphological evolution necessarily begins with addressing homology questions. Statements of homology are confounded in these nematodes by the seemingly huge morphological leap from the relatively simple open stoma of microbivores to the complex hypodermic needle-like feeding apparatus of plant parasites. Classical hypotheses of the evolution of the stomatostylet in Tylenchomorpha considered the entire stoma of free-living nematodes to be homologous with the entire stylet in various formulations, usually following a transformation series including several other taxa as intermediates between cephalobids and tylenchids (Thorne, 1961; Andrá ssy, 1962 Andrá ssy, , 1976 Goodey, 1963; De Grisse, 1972) . These character transformations have now been challenged by revised hypotheses in light of new phy-logenies, based on limited available fine structural data of the stomatostylet (Baldwin et al., 2004a) .
New hypotheses of relationships preclude an obvious morphological intermediate between stylet bearing tylenchids and most closely related open stoma bearing nematodes. The potential for difficulties in interpreting feeding structure homologies in these groups demands the choice of an appropriate model taxon for stylet reconstruction. Many Tylenchomorpha are assumed to be poor representatives for understanding stylet origins, because their highly specialized feeding adaptations further confound the morphological disparity between them and outgroups. Recent molecular evidence suggests that the family Aphelenchidae 1 , including Aphelenchus avenae, assumes a sister taxon relationship to all other non-aphelenchid Tylenchomorpha (Blaxter et al., 1998; Holterman et al., 2006; Meldal et al., 2007) . Aphelenchus avenae thus occupies a phylogenetic position well suited to its use as a model system for comparison to free-living outgroups and it has been selected as a model herein.
Homologies are supported by their adherence to three criteria: congruence with phylogeny based on independent characters; conjunction, or the nonexistence of putative homologs together in the same taxon; and similarity (Patterson, 1982) . Categories of similarity include topological, compositional, functional, developmental, and genetic (Panchen, 1994) , which can serve individually as recognition criteria and tests. Hypotheses of homology for cuticular feeding structures, which in many respects are divergent between tylenchids and their closest free-living outgroups, are tested by their relationships to complex underlying tissues. These tissues are presumably the secretory source of the extracellular stylet and associated cuticle (Wright and Thomson, 1981; Endo, 1985) . Identities of tissues, including syncytia and muscles, are confirmed by several lines of evidence. Their topological relationships to each other provide initial homology proposals, which can then be scrutinized based on other aspects of similarity and ultimately according to their congruence with independent phylogeny. The anterior epidermal syncytia comprise a stack of successive toroids (rings) that line the cuticle of the feeding apparatus, lips, and body wall. The identities and positions of at least some stoma elements, such as the arcade syncytia and stomatal muscles, are known to be highly conserved from reconstructions of representatives of rhabditids (Albertson and Thomson, 1975; Wright and Thomson, 1981) , diplogastrids (Baldwin et al., 1997a) , and cephalobids (Van de Velde et al., 1994; Baldwin and Eddleman, 1995; De Ley et al., 1995; Bumbarger et al., 2006) . The arrangement of most epidermal syncytia is also conserved between representative cephalobids and rhabditids . The numbers, positions, and interrelationships of syncytial somal extensions, which extend relatively far posteriad to include the nuclei of the syncytia, are highly conserved and confirm hypotheses of tissue identities. The relationships of epidermal syncytia to sensory structures, such as is inferred by relative locations of sensillum socket cells, are in many respects conserved and thus offer additional support to homology statements.
Studies employing TEM have afforded a much clearer understanding of homologies at a more fundamental (i.e., cellular) level, as some structures are only barely or not at all visible by light microscopy. Yet even serial thin sectioning has been limited in its resolution of complex cells, with minute processes and contacts being difficult to recognize as associated with a particular cell body. Baldwin et al. (2004a) recognized a body of fine structural research of the tylenchid stylet that predates our understanding of stoma homologies in Chromadorea, but which has nevertheless stimulated questions for more sophisticated examination. In this work, morphology is analyzed using threedimensional (3D) reconstruction of more complete serial thin sections, with the aid of digital imaging and recently developed computer software for alignment and model building and rendering. These tools have made visualization of elusive but significant features more tractable. By establishing homologies of tissues in the level of detail afforded by 3D reconstruction, this work builds upon comparably detailed reconstruction in a free-living outgroup, Acrobeles complexus (Cephalobomorpha) , as part of a larger scale laboratory effort. With respect to what is also known of corresponding tissues in the model nematode Caenorhabditis elegans (Rhabditomorpha), a more distant outgroup, we test homologies of the stylet and associated cuticular structures with specific components of the cephalobid stoma.
The regions making up the stoma of cephalobids and rhabditids are the units of analysis for stomatostylet homologies herein. Stoma regions were originally defined by their apparent division, in light microscopy observations, into a series of distinct sets of cuticular thickenings or rhabdia (Steiner, 1933) ; however, the terminology was later expanded based on fine structure to reflect a clearer understanding of stoma components, including homologies across several microbivorous taxa (De Ley et al., 1995) . Thus, three basic divisions are identified as the units of a comparative study between cephalobids and tylenchids (see Fig.   1 Herein the authors adhere to the classification of De Blaxter (2002, 2004) for infraordinal and higher level taxa, while acknowledging doubts of monophyly of some groups as currently defined. Because classification within Tylenchomorpha does not yet reflect recent developments in phylogeny, formal names below infraorder follow the systems of Hunt (1993) and Siddiqi (2002). 1): i) the cheilostom, which is the cuticle continuous with the body wall and secreted by underlying epidermis; ii) the gymnostom, which is an area of thickened cuticle surrounded by two syncytial arcade rings; iii) the stegostom, which is the part of the stoma surrounded by the anterior end of the pharynx, including muscle and epithelia, and characterized by a triradiate lumen, although homologies implied for stegostom components at a finer level (e.g., pro-, meso-, meta-, and telo-stegostom) between cephalobids and rhabditids have since been challenged (Dolinski et al., 1998) . The goal of this study is to test whether the cheilostom, gymnostom, and stegostom are represented by readily identifiable homologs in the tylenchid stomatostylet.
MATERIALS AND METHODS
Aphelenchus avenae Bastian (strain RGD103) was obtained courtesy of Dr. Robin Giblin-Davis and maintained on Monilinia fructicola in LG potato dextrose agar medium. Nematodes were frozen in a Bal-Tec HPM 010 high-pressure freezer and then dehydrated, fixed, and stained en bloc via freeze substitution using a Reichert-Jung CS Auto freeze substitution apparatus in an acetone cocktail of 3% osmium tetroxide and 1% uranyl acetate. Nematodes were processed in custom stainless-steel chambers to prevent specimen loss, as described by Bumbarger et al. (2006) . During freeze substitution, nematodes were held at 2908C for 40 h, warmed at a gradual rise of 48C/h to 2608C, held for 30 h, and then warmed again at 48C/h to 2208C. Following freeze substitution, specimens were rinsed several times over 4 h in acetone at 2208C. Specimens were serially infiltrated with 25, 50, and 75% Epon 812 resin over the course of 24 h, followed by three changes to 100% resin without accelerator over another 24 h and a final change to 100% resin with accelerator for 3 h in molds shaped as 25 3 75 mm 2 microscope slides. Resin was polymerized at 608C for 24 h.
Specimens, embedded in Epon 812 slides, were screened by differential interference contrast (DIC) microscopy using a Nikon E600 DIC-LM to identify adult females without tissue damage. Through-focus video vouchers were obtained with a Spot RT color 2.2.1 camera and the software Openlab 3.1.7 on a Macintosh G4 computer; vouchers were later used to produce measurements for calibrating dimensions of the reconstructed model. Specimens were then re-embedded in blocks for sectioning. Serial silver-gold sections (70 nm thick) of specimens were taken on a Sorvall MT6000 microtome with a Microstar diamond knife. Sections were mounted on pioloform films on Synaptek wide-slot, nickel grids. Mounted sections were post stained with methanolic uranyl acetate and lead citrate.
Sections were imaged using a Philips Tecnai T12 transmission electron microscope operating at 120 kV. Images of sections were acquired in the form of montages of 4, 9, or 16 individual images each taken with a Gatan US1000 2k 3 2k pixel camera and automatically assembled with Digital Micrograph. Imaging was conducted at the Center for Advanced Microscopy and Microanalysis (CFAMM) at the University of California, Riverside. Ordered images of serial sections were prepared for stack assembly by reducing depth to 16 bit, reducing pixel density to facilitate manageable file sizes, and standardizing canvas size using scripts written for ImageJ (http://rsb.info.nih.gov/ij/) and Adobe Photoshop 7.0 (San Jose, CA). Images were converted from TIFF to the MRC stack format, stacked images were manually aligned, individual cell contours manually traced, and contour-based mesh models of cells constructed using the software package IMOD (Kremer et al., 1996) . Models were transferred to Blender 2. 42 (blender3d.org) , an open source ray tracing and mesh modeling package, for final visualization and production of model figures and animations. All model components except stylet knobs were reconstructed from a single specimen alignment; stylet knobs were reconstructed from a separate specimen but then were united with the rest of the stylet from the main model to form a composite model object. Four specimens were sampled to check for intraspecific variation, including one specimen fixed by wet fixation (rather than freeze substitution) in 2.5% glutaraldehyde and 2% osmium tetroxide but with preparations otherwise consistent with other specimens.
Terminology specific to syncytial morphology follows Wright and Thomson (1981) and Bumbarger et al. (2006) .
RESULTS
Three-dimensional reconstruction identified complex cells closely associated with the stylet. Regardless of complexity, phylogenetically conserved cells and associated regions of cheilostom, gymnostom, and stegostom could be readily identified by general aspects of similarity with outgroups. Cell names, consistent with those originally applied in A. complexus, are based on puta- Fig. 1 . Diagrammatic representation of stoma components of rhabditids and cephalobids, with hypotheses of homologies extended to tylenchids. Generalized rhabditid is redrawn from De Ley et al. (1995) ; cephalobid and tylenchid are redrawn from Baldwin et al. (2004a) . a, arcade syncytia; cf, cephalic framework; e1 and e3, stomatal epithelia; h, epidermal syncytia; m1, m2, ma, and mb, stomatal muscle cells ; v, vestibule; ve, vestibule extension. tive homology with cells in the latter nematode following initial homology proposals.
Cheilostom
The cells associated with the cheilostom comprise the putative HypE, HypC, HypB, and HypA syncytia (see Table 1 for annotations of abbreviations). These syncytia fill most of the cephalic framework, a hexaradiate structure separating anterior tissues into compartments by cuticular walls (Figs. 2B and 4A) , and are also associated with that part of the guiding apparatus posterior to the framework (Fig. 2C) .
Putative HypE is the outermost anterior epidermal syncytium (Fig. 2B,D) , and lies just anterior to the main mid body epidermal syncytium along the body wall. It lines the body wall cuticle up to the posterior boundary of the framework. At its anterior end, HypE includes six thin, concave pockets ( Fig. 2E) consisting mostly of tonofilaments (Fig. 4B) , through which the stylet protractor muscles (stegostom) attach to the six vertical (longitudinal) blades of the framework. Where the muscles attach, the blades of the framework spread horizontally (transversely) into concave pockets. Anterior body wall muscles also insert into these pockets as well as into the rest of the circumference of the toroid of HypE. HypE sends six short, anterior projections, which are each associated with a bundle of sensory cells, into the toroid of HypC, one in each of the sextiles of the framework (Fig. 4B) . The sheet-like distal periphery of the toroid has four medial ridges or cords (one dorsal, one ventral, two lateral; Fig. 2E ). The more prominent of these cords are the dorsal and ventral (although the dorsal cord is compressed by the dorsal stylet protractor along part of its length), which are contiguous with the medial apices of the toroid's anterior pockets. At these pockets, the dorsal and ventral cords are perforated, forming a loop, through which protractor muscle branches come together from either side of each cord and insert into the pockets (Fig. 2E ). Posterior to the toroid, the dorsal and ventral cords are somal extensions. The lateral cords extend into long, attenuated, and apparently pseudosomal extensions, although these were not traced definitively to their ends. All of these extensions become separated from the body wall by the posteriorly adjoining body wall epidermis, with which they maintain an association. Posteriorly the ventral somal extension wraps around the ventral bundle of somal extensions of the arcade syncytia (gymnostom), and putative HypA and HypB (Fig. 2D ). The dorsal cord is also associated with dorsal somal extension of the posterior arcade syncytium along much of its length, and this contact remains continuous along the somal extension. The dorsal somal extension forms a bundle with the two somal extensions of HypC (Fig. 2D ). The lateral somal extensions of HypE each send a process to contact the ventrolateral extensions of the posterior arcade syncytium (Fig. 2D) .
Near the base of the framework, a relatively large volume between the toroid of HypE and that of the adjacent epidermal syncytium, putative HypC, is occupied by cells of the nematode's anterior sensilla. Positioned between the HypE and HypC toroids are the socket cells of the amphids, cephalic sensilla, and outer labial sensilla. Between these two toroids the sensillum dendrites enter the cuticle of the framework, which is contiguous with the cuticular lining of the dendrites.
Putative HypC is the most anterior epidermal syncytium of the nematode. Together with the anterior extensions of HypE, labial and cephalic sensilla, and other dendrites terminating within itself, HypC fills the entire cephalic framework ( Fig. 2A) . Thus, HypC is split into sextiles within the frame- work (Fig. 4A) , the subdorsal and subventral of these being further cleft anteriorly by the cuticle of the cephalic sensilla. Medially the syncytium lines the vestibule and vestibule extension as well as the cuticle of the inner labial sensilla, which is itself contiguous with the vestibule (Fig. 4A,B) . Posterior to the framework, HypC is attenuated and does not enclose the various sensilla and internal receptors as it does within the framework. At the base of and posterior to the framework, HypC forms several connections with HypE, the prominent dorsal and ventral ones being maintained about as far posteriad as HypC lines the vestibule extension. At the posterior end of its toroid, HypC forms six connections with each of the anterior projections of its other neighboring epidermal syncytium, putative HypB (Figs. 2C,D, 3C, and 4D). On the dorsal side, the HypC syncytium extends posteriad and splits into two robust subdorsal somal extensions (Fig. 3A) . The somal extensions of HypC run adjacent to the dorsal branch of the dorsal protractor muscle, ultimately establishing contact with the dorsal somal extension of HypE (Fig. 2D) . At the level of the split of the two dorsal somal extensions of HypC, and just posterior to its contact with HypE, HypC contacts the dorsal somal extension of the posterior arcade syncytium. Additionally, at the level of this split, a minute dorsal process wraps around a process of HypB that projects anterior from the main dorsal branch of HypB, and posterior to the other dorsal connection (Fig. 4D) . HypC also has two lateral, posterior pseudosomal extensions (Fig. 3A) that, in contrast to somal extensions, definitely lack nuclei; each surrounds the ciliary region of an internal receptor dendrite and terminates at about the level of the gymnostom. The pseudosomal extensions each make contact with a dorsolateral somal extension of the posterior arcade syncytium at and anterior to the point of entry of the internal receptor dendrites into the former (Fig. 5B) .
The toroid of the putative HypB syncytium is just posterior to that of HypC, and is much smaller. Most of the toroid is concentrated in six distally projecting blades (one dorsal, one ventral, two dorsolateral, two ventrolateral) that extend into anterior processes (Fig. 3B) , each of which make a connection (the dorsal makes two) with HypC. Between these points of connection are the inner labial socket cells, through which dendrites enter and adjoin the cuticle of the vestibule extension (Fig. 3C) . Posteriorly the HypB toroid is separated from the vestibule extension and is replaced by that of the putative HypA syncytium. HypB has one ventral and one lateral (left) somal extension. The right, lateral posterior projection of the syncytium abruptly terminates closely posterior to the toroid (Fig. 3B) .
Putative HypA is the most posterior syncytium lining the vestibule extension (Fig. 2C) , except for the anterior margin of the anterior arcade syncytium (gymnostom), which adjoins HypA at the tip of the vestibule extension. HypA is the smallest syncytium of the cheilostom and has a relatively simple morphology. At its widest the toroid has three rounded apices, which are ventral and left and right dorsolateral (Figs. 3D and 4E) , each extending posteriad into a somal extension. The lateral and ventral somal extensions of HypA, as well as those of HypB, HypC, and gymnostom syncytia, are separated from the buccal cuticle by the stylet protractor muscles. The somal extensions are grouped in bundles (''pseudocoelomic cords'') that are nestled in the narrow gaps between branches of the protractor muscles.
Gymnostom
The cells associated with the gymnostom comprise two arcade syncytia. These syncytia line the stylet shaft, the wall of which extends anteriorly into the wall of the stylet cone (Fig. 3G ). Together these two cuticular structures form a tube, the lumen of which acts as a conduit for feeding. The stylet cone is composed of cuticle that is more electron dense, given our preparation methods, than most other types of cuticle found in the stomatal, cephalic, or body wall areas (Fig. 4C,D) . The lumen of the cone is at least half the diameter of the cone itself at its base, and proportionally even larger at the tip (Figs. 4A,C,D and 3G,H). The orifice of the stylet cone is a wide ventral slit of almost half the length of the entire cone (Fig. 3G) . The cuticle of the cone is embedded with anteriorly projecting, attenuated cuticle of the stylet shaft, readily distinguished by the difference in electron density of its collagen. The cone is entirely replaced posteriorly by the shaft, which is longer and thicker than the cone, the lumen ranging in diameter from less than half to one third that of the shaft itself. From anterior to posterior the shaft gradually changes from circular to triangular in cross section, with rounded ventral and left and right dorsolateral apices (Fig. 5D ). Between the apices are grooves that are replaced posteriorly by the weak stylet knobs of the stegostom (Fig.  3G,H) ; in the grooves are traces of more electrondense cuticle, and of this most markedly within the dorsal groove. The dorsal groove is continuous along the entire length of the shaft where it is not embedded in the cone, giving the appearance of a ''seam' ' (Figs. 4F and 5A, B, D) .
Lining the stylet shaft anteriorly is the putative anterior arcade syncytium (Fig. 3E,G) . This syncytium also lines the thin, dilated posterior tip of the vestibule extension, thus acting as a flexible link between the stylet and the guiding apparatus (Figs. 3E and 5B) . A lobe of the syncytium projects anteriorly on the dorsal side, maintaining a connection with HypA. The toroid of the anterior arcade syncytium is minor in size relative to most other epidermal syncytia. It has three somal extensions (one ventral, two lateral) that distally exit the stylet region and join the corresponding three pseudocoelomic cords, which are bundles of posterior extensions of several other syncytia as well as some dendrites. The lateral somal extensions each project through the split between the dorsolateral and ventrolateral somal extensions of the posterior arcade syncytium on each lateral side, and are closely associated with the dorsolateral extensions of the posterior arcade syncytium (Fig. 3G) .
The putative posterior arcade syncytium is adjacent to the anterior arcade syncytium and lines the posterior portion of the stylet shaft (Figs. 3D,E  and 5D ). The toroid of the posterior arcade syncytium is also relatively minor. It contacts the anterior projections of the three marginal cells of the stegostom, and has small posterior processes that enter the marginal cells (not shown). In the transition to the stegostom, the posterior arcade toroid persists as three posterior points between the apices of the stylet shaft (not all represented in the model), which are lined by the marginal cells, and are replaced posteriorly by attachment points of the stylet protractor muscles. The posterior arcade syncytium has six somal extensions (one dorsal, two dorsolateral, two ventrolateral, one ventral); each extension projects anteriad for some distance before exiting the central body axis through the splits in the protractor muscles, after which it joins one of the six pseudocoelomic cords (Figs. 2D  and 5C ). The manner of branching of the lateral somal extensions is symmetrical left and right, the ventrolateral extensions recurving much further anteriorly than the dorsolaterals. The ventrolateral somal extensions are swollen where they contact the pseudosomal extensions of HypC (Fig.  3F) . The dorsal somal extension is also swollen where it contacts the dorsal extension of HypE, which is just medial to where it exits through the split of the dorsal protractor muscle (Figs. 3F and 5B). Posterior to this latter connection, the dorsal somal extension contacts the dorsal branch of HypC where the latter splits into its own dorsal somal extensions; just posterior to this connection, it contacts HypB where the latter engulfs the minute process of HypC (Fig. 4E) . Posterior to this, it contacts the toroid of HypB; posterior to this contact, it passes and maintains a connection with the anterior arcade syncytium. The ventral somal extension originates just anterior to the point where the toroid attaches to the stylet shaft (Fig. 3G) .
Stegostom
The cells associated with the prostegostom comprise three radial, stylet protractor muscle cells (one dorsal, two subventral) interspersed with three epithelial marginal cells (two subdorsal, one ventral) (Figs. 3H and 5E ), all of which extend far posteriad into the pharynx (not shown). More posterior regions of the stegostom were not reconstructed in this work. The protractors and marginal cells attach to three weak but distinct stylet knobs. The stylet protractor muscles are large, occupying most of the body cavity between where they originate and the level of the vestibule extension, anterior to which they attenuate to their insertion points on the cephalic framework (Figs.  3H and 4B) . Anteriorly, the protractor muscles split into six branches (Fig. 5A) , each corresponding to a blade of the framework. The splits between muscle branches are continued posteriad as distal grooves (Fig. 3H) , in which the six pseudocoelomic cords of syncytial extensions and dendrites lie. Where the muscles attach to the stylet and the anterior pharyngeal lumen, they form the bulk of the feeding apparatus. The marginal cells are small in comparison and do not attach to the basal lamina of the pharynx, leaving large margins of contact between muscle cells. At the posterior end of the stylet knobs, the muscles show a strong diminution of contractile fibers, which disappear almost immediately in the pharynx. Posterior to the stylet the cytoplasm of the muscle cells persists as noncontractile and metabolic (not shown).
Pharyngeal Neuron
Also associated with the stylet apparatus is a pharyngeal neuron. This neuron runs through the pharynx, stegostom, and gymnostom between the right subdorsal marginal cell and the dorsal and right subventral protractor muscles, increasing in diameter anteriorly (Figs. 5B,D and 6) , where in the gymnostom it swells to its largest in cross section and is full of microtubules and even includes mitochondria; anterior to this broad region it tapers and terminates abruptly. From its swollen tip the neuron sends a thin process (Fig. 6A) into the dorsal protractor muscle (Fig. 6B) . The neuron maintains a close apposition with the right subdorsal marginal cell, the anterior tip of which is not far from the anterior tip of the neuron; where the neuron is most swollen, it makes an additional, limited apposition with the anterior tip of the left subdorsal marginal cell (Fig. 6B ). The precise association of the neuron to muscle and marginal tissue is uncertain, although further study may elucidate the presence and extent of synapses.
DISCUSSION
With the example of the tylenchid stylet, we have demonstrated that apparent incongruence of morphological evolution and molecular phylogeny can be resolved upon closer examination of mor-phology. In spite of stark superficial differences in feeding structures between sister taxa, we have shown plausible morphological transformation of their component parts. This study used complete 3D reconstruction to recognize ''minuteness of resemblance'' to recover the functional hierarchy of putative homologs (Tyler, 1988) , showing that stomatostylet characters are remarkably conserved at a cellular level.
Homologies of Anterior Tissues With Respect to Outgroups
Cheilostom. Epidermis reconstruction in A. avenae has allowed clear recognition of homologies with outgroups including a broad range of feeding types and associated stoma morphologies. Despite apparent differences due to divergent feeding structures, basic features of epidermal syncytium morphology are highly conserved with those in cephalobids and rhabditids (see Fig. 7 ). Comparisons with A. complexus are based on its reconstruction by Bumbarger et al. (2006) , who also incorporated relevant unpublished data for C. elegans used by White et al. (1986) . Proposed homologies in all three taxa of the cheilostom and other stylet regions are summarized in Table 2 .
Putative HypE in A. avenae is similar in its basic morphology to HypE in A. complexus, forming a sheet-like toroid in the body wall, just anterior to the main mid body epidermal syncytium. Like HypE in A. complexus and homolog Hyp4 in C. elegans, it provides insertion points for anterior body wall muscles. This syncytium also serves to attach the stylet protractor muscles to the pharynx, in contrast to its homologs in either free-living outgroup. Although the lateral extensions were not traced to their absolute tips, they both attenuate posteriorly to a fine point in a manner similar to the lateral pseudosomal extensions of HypE in A. complexus and thus presumably also end without cell bodies containing nuclei.
The relationship of HypE in A. avenae to sensory structures is largely conserved. HypE is associated with the amphid and cephalic socket cells, as in both outgroup representatives. As in Hyp4 of C. elegans, HypE in A. avenae is also associated with the outer labial socket cells; however, A. avenae having this feature in common with A. complexus is precluded by the absence in A. avenae (and C. elegans) of the homolog of HypD, which is a minor syncytium forming an incomplete toroid positioned between the amphid and cephalic socket cells and Fig. 7 . Relationships of major groups based on published phylogenies inferred from 18S and 28S rRNA sequences (Aleshin et al., 1998; Blaxter et al., 1998; Holterman et al., 2006; Nadler et al., 2006; Smythe and Nadler, 2006; Meldal et al., 2007) . Panagrolaimoidea and Aphelenchoidoidea, possibly comprising a monophyletic sister group to Cephaloboidea 1 Aphelenchus 1 tylenchids sensu stricto (Blaxter et al., 1998; Holterman et al., 2006; Meldal et al., 2007) , are not shown due to their poor representation in stoma characters. Work is underway to address the morphological and molecular questions related to paraphyly of stomatostylet bearing organisms (Ragsdale, unpublished). Characters are mapped based on simple parsimony. 1-6, HypE, HypC, HypB, HypA, anterior arcade syncytium, and posterior arcade syncytium; 7, e1 and e3 (still requires outgroup representation to determine character polarity); 8, HypC containing multilamellar dendrite; 9, stomatostylet; 10, stomatal muscles inserting in cephalic framework; 11, HypD; 12, presence of secondary protractor muscle element (still requires outgroup representation to determine character polarity). *Non-aphelenchid Tylenchomorpha. outer labial socket cells. The absence of HypD in all examined taxa other than A. complexus suggests that it is probably apomorphic for some clade of cephalobids. If regarded as such, comparisons present no problems of topological similarity, as the socket cells for all three types of sensilla are positioned between HypE and HypC in all three taxa.
Putative HypC of A. avenae is identical to that in A. complexus in having two dorsal somal extensions (two somal extensions and nuclei are also found in homolog Hyp3 of C. elegans). General morphology of the toroid is also similar between the two taxa in that it is marked by strong hexaradiate symmetry, which in A. complexus fills a shallow ''framework'' making up the base of the six cephalic probolae. An unidentified epidermal syncytium within a shallow framework was also noted in the cephalobid Zeldia punctata (Baldwin et al., 2004a) . In A. avenae, however, HypC is greatly expanded anteriorly and medially with respect to cephalobids and rhabditids, and it is associated with a much deeper, more highly developed framework. The prominence of HypC in the head region has been accompanied by the shift of all other syncytia posterior to it along the central body axis; these syncytia have become concentrated into a relatively narrow column surrounding the vestibule extension and stylet.
Notwithstanding the absence of a homolog of HypD in A. avenae, association of HypC with the amphid, cephalic, and outer labial socket cells is conserved. Also conserved is the location of the inner labial sensilla, which are associated with the toroid of HypC posteriorly and medially. Unique to HypC in A. avenae are two pseudosomal extensions that each ensheathe a somatic nerve dendrite that terminates within the toroid. These two dendrites clearly branch into the elaborate multilamellar termini observed in the toroid of HypC (Fig. 4A,B) , a phenomenon also observed in A. complexus, which led Bumbarger et al. (2006) to hypothesize the homolog of HypC in tylenchids based on existing TEM data of the tylenchid framework. Although these dendrites have been identified as homologs of dendrites (BAG) in C. elegans (Bumbarger et al., 2007) , their expression in cephalobids and tylenchids seems to be unique and may, upon more extensive taxon sampling, be confirmed to constitute a synapomorphy for a clade of cephalobids and tylenchids.
Putative HypB of A. avenae is identical to HypB in A. complexus in having two somal extensions, one dorsal and one left subventral, the asymmetry of which also is shown in the two corresponding nuclei of homolog Hyp2 in C. elegans. Furthermore, the relationship of the anterior rim of the toroid with the inner labial socket cells is also conserved with outgroups. The morphology of the toroid is simple relative to A. complexus, there being no homologs in A. avenae of the pseudosomal extensions or anterior toroid processes observed in A. complexus. Although the points of contact with HypC give the appearance of processes, this is probably due to the toroid being constrained to the space between socket cells. The position of the inner labial socket cells and entry points of corresponding dendrites into the cuticle of the vestibule extension suggest that the anterior rim of the toroid has been oriented into a medial position in A. avenae, such that any potential homologs of the inner or outer toroid processes of HypC in A. complexus would be found in the position where the toroid meets the vestibule extension.
Putative HypA of A. avenae is identical to that in A. complexus in having three somal extensions, one dorsal and two subventral. As in A. complexus, the toroid of HypA is relatively simple in its morphology, being devoid of any processes other than somal extensions. Its toroid is the smallest of the anterior epidermal syncytia, as it is also in A. complexus (with the possible exception of HypD) and C. elegans.
Gymnostom. Two arcade syncytia were identified in A. avenae, confirmed by the numbers and positions of their somal extensions being conserved with respect to A. complexus, and to the number of nuclei in the arcade cells of C. elegans (Wright and Thomson, 1981) . In other respects, arcade syncytium morphology is quite divergent relative to A. complexus. In contrast to the highly complex toroids of the latter, the arcade cell toroids of A. avenae lack any processes or extensions other than the somal extensions. It has been observed that in A. complexus the somal extensions of other anterior syncytia seem to cluster around those of the posterior arcade syncytium, which are relatively large in cross section. In A. avenae the posterior arcade somal extensions are likewise distributed among six pseudocoelomic cords. Although the reduction in diameter of these extensions in A. Dolinski et al. (1998) .
avenae precludes such clustering, the posterior arcade syncytium nevertheless makes several contacts with other anterior syncytia through its somal extensions. The arcade toroids themselves are also diminutive with respect to A. complexus. The arcade syncytia of tylenchids seem to be highly active in development during production of the stylet shaft and cone, when their cytoplasm is full of mitochondria and secretory granules (Endo, 1985) . By contrast, the apparent reduction in size and relative lack of organelles in the cytoplasm of the arcade syncytia in the adults suggest possible degeneration of function apart from a simply physical one of being a loose ''membranous fold'' or guide ring that allows protrusion of the stylet while keeping it attached to the vestibule extension (Baldwin and Hirschmann, 1976) . Stegostom. Reconstruction of stylet protractor muscle cells has provided more detailed evidence of their topological similarity, at their points of attachment to the stylet knobs, to the anteriormost three radial stomatal muscles of microbivores. However, in A. avenae these pharyngeal muscles are unique in having insertions in syncytium HypE. Although pharyngeal musculature does not terminate in the epidermis in A. complexus or C. elegans, tendon organs connecting the basal lamina of the anterior pharynx to the anterior termini of body wall muscles have been observed in both outgroups, A. complexus and C. elegans, which Bumbarger et al. (2006) postulated may have played a role in the evolution of stylet protractor muscles from simple, radial stomatal muscles. Reconstruction of these cells in earlier developmental stages may reveal the presence of such structures, which when combined with a more detailed knowledge of their distribution in a cephalobid outgroup, may provide additional support for the homology of the stylet protractors with the m1 cells of the prostegostom. The triradiate marginal cells that lie between stylet protractors, and more posteriorly, other pharyngeal cells are presumably the homologs of those found in free-living outgroups (i.e., ''e2'' of C. elegans), a notable difference being their nonattachment to the pharyngeal basal lamina in A. avenae.
Precise identities of other stomatal muscles are still unknown. Preliminary results of serial sectioning through the pharynx reveal an absence of contractile muscle cells in the procorpus posterior to the stylet protractors. The plasticity of stegostom and pharynx elements between cephalobids and tylenchids is not yet known, although at least some characters are divergent between cephalobids and rhabditids (Dolinski et al., 1998) . Whether the homologs of m2 cells or secondary protractor muscles are present in A. avenae, but expressed differently, remains to be determined by reconstruction of the pharynx, which would provide necessary tests of conjunction.
Epithelial toroids e1 and e3, which make up the anterior stegostom of rhabditids and diplogastrids (Baldwin et al., 1997a,b) , are not found in A. avenae. This absence would be predicted from their absence in cephalobids (Dolinski et al., 1998) and common ancestry of rhabditids and diplogastrids exclusive of cephalobids and tylenchids (see Fig. 7 ).
Homologies of Anterior Tissues With Respect to Other Tylenchomorpha
The complexity of anterior epidermal cells in other tylenchids has precluded their precise characterization heretofore. Reviewing existing micrographs of the head region of tylenchids, Baldwin et al. (2004a) identified at least four syncytial toroids surrounding the stylet and guiding apparatus, although the most anterior epidermis remained elusive. Reexamination of published tylenchid fine structure research shows what appear to be the multilamellar dendrites within HypC to be present in the unidentified head epidermis of various other tylenchids, for example, Meloidogyne incognita (Baldwin and Hirschmann, 1976) , Heterodera glycines (Baldwin and Hirschmann, 1976; Endo, 1983 Endo, , 1985 , and Pratylenchus penetrans (Endo et al., 1997) . The conservation of this feature with outgroups suggests that HypC is present and characterized by an association with this dendrite in other Tylenchomorpha. Arcade syncytia have been previously observed in molting H. glycines in the region of the stylet (Endo, 1985) . Four syncytia were considered ''arcade-like cells,'' although the anterior two were most likely the HypA and HypB syncytia, which were in a comparable position to those toroids in A. avenae. The primary stylet protractors of A. avenae are very similar in morphology and positional topology to the primary protractors in other Tylenchomorpha. The branching of the primary protractors is identical with those in M. incognita and H. glycines (Baldwin and Hirschmann, 1976) as well as in the aphelenchoid nematode Aphelenchoides blastophthorus (Shepherd et al., 1980) . Insertions of muscles through the epidermis into the posterior margins of the blades of the framework in A. avenae are consistent with the situation in H. glycines juveniles (Endo, 1983) and Hexatylus viviparus (Shepherd and Clark, 1976) , and apparently also with A. blastophthorus (Shepherd et al., 1980) , although limited detail in the latter precludes adequate comparison. Notably missing in A. avenae are ''secondary muscle elements,'' which are thin strips of protractor muscle apparently attaching to the pharyngeal lumen just posterior to the stylet knobs, observed in M. incognita and H. glycines. These were originally hypothesized to be the homologs of the m2 muscles of the cephalobid mesostegostom (Baldwin et al., 2004a) . Interestingly, secondary protractor muscles are found in A. blastophthorus, where they are much more pronounced than they are in M. incognita and H. glycines. The relative locations and branching patterns of these cells seem to be identical in those taxa possessing them, the subventral secondary protractors being unbranched and associated with the distal borders of the subventral primary protractors, and the dorsal protractors splitting into two branches that are both associated with the dorsal primary protractor.
Homologies of the Stomatostylet and Other Cuticular Structures
Confirming the identities of epidermal tissues allows for more reasonable hypotheses of homology concerning the cuticular structures that they produce, which in their differences in feeding function are morphologically divergent between tylenchids and cephalobids. HypE in A. avenae underlies the cuticle of the cephalic body wall just posterior to the cephalic framework, a feature that is conserved with A. complexus and C. elegans, in both of which HypE is posterior to what is considered labial cuticle. HypC is associated with outer (distal) labial cuticle in outgroups, including the cephalic probolae in A. complexus. HypB is associated with inner (medial) labial cuticle in outgroups, which in A. complexus includes the labial probolae. HypA, as in outgroups, is associated with a ring of the most inner labial cuticle, which is at the interface with the cuticle immediately surrounding the mouth opening.
In A. avenae the two arcade syncytium toroids are associated with the stylet shaft; in cephalobids and rhabditids they line the gymnostom. Interestingly, in many other Chromadorea, including cephalobids, this cuticle comprises a cylindrical, anterior projection separating the buccal capsule from the rest of the labial cuticle around it, a feature in common noted by Baldwin et al. (2004a) in formulating their revised hypothesis of gymnostom homology. These results are consistent with ultrastructure of the molt of H. glycines (Endo, 1985) where it was observed that four ''arcade like cells'' supported the stylet cone and shaft as well as the ''stomatal wall'' (cheilostom); the posterior (two) of these were presumably responsible for the stylet shaft cuticle. It is known that the arcade cells secrete the gymnostom in C. elegans (Wright and Thomson, 1981) .
As in other tylenchids, the stylet shaft and cone of A. avenae are distinct in the types of cuticle making up the bulk of their structure. Yet differences in cuticular patterns seem to be evident in various taxa, including ''alternating bands'' of cuticle in the stylet of H. viviparus (Shepherd and Clark, 1976) and longitudinal ducts in the stylet shaft of Mesocriconema xenoplax (Chen and Wen, 1980) . The stylet cuticle of A. blastophthorus, also composed of at least two major, distinct components defining these regions, was described as being very complex, a notable difference being the presence of ''channels'' within the cuticle of the stylet shaft (Shepherd et al., 1980) . Although true differences between the stylet of A. blastophthorus and those of A. avenae and tylenchids sensu stricto (i.e., non-aphelenchid Tylenchomorpha) would prove phylogenetically significant, current comparison is limited by compatibility of data. It is difficult to tell which differences in poorly characterized tissue elements are due to fixation and/or staining between researchers or fundamental differences in cuticular ultrastructure.
In A. avenae, as in other studied Tylenchomorpha, the cuticle of the stylet knobs seems to be continuous with that of the stylet shaft. In all cases, however, different tissues line these separate areas and suggest at least partially separate origins of these structures. Endo (1985) showed that the stylet knobs formed in vacuoles separate from the shaft and cone in the pharynx, presumably secreted by the marginal cells.
Implications for the Evolution of Plant Parasitism
Differences between stomatostylet bearing nematodes and microbivores. Comparative, detailed morphology of feeding structures has now provided a basis for future studies on the evolution of parasitism, for which the stylet appears to be a requirement (Baldwin et al., 2004b) . Knowledge of the structures of cells and the connections between them, and how these are variously distributed across a phylogeny, establishes a model for testing functional biology. Some fields for further investigation include looking at the most striking differences between homologs in A. avenae and A. complexus, for example: in the musculature, which is characterized by different anterior insertion points in taxa with different feeding behaviors; of the arcade cells, whose complexity in A. complexus is exaggerated immensely with respect to the diminutive guide ring in A. avenae; and of the prominence of HypC in the head region in A. avenae. Differences in morphology could be explored further, such as the possible extension of muscles into the framework epidermis by way of tendon organs during ontogeny.
Diversity of the stylet within tylenchids. On a gross level the stomatostylet is characterized by a diversity of sizes, relative sizes of components, and component shapes, accompanied by a wide range of feeding behaviors (Dropkin, 1969) . Aphelenchus avenae is a fungivore, as are probably many other taxa basal (i.e., branching near the root) within the Tylenchomorpha (Yeates et al., 1993) . Such basal taxa are often characterized by a ''weak'' stylet, as has been demonstrated herein for A. avenae. Aphelenchus avenae is presently regarded to be the sister group of all other tylenchids sensu stricto; consequently, the relatively wide stylet lumen and large stylet orifice, compared with those of all other tylenchids examined, may fit expectations for a transitional state between the open stoma of microbivores and those tylenchids feeding strictly on host cytoplasm. Exploring differences in homologies on a fine structural level between A. avenae and more apical tylenchids would offer insight into the evolution of parasitism, given the preexisting adaptation of the stomatostylet apparatus.
Independent evolution of the stomatostylet?. Phylogenies that have been inferred from rRNA sequences suggest paraphyly of the Tylenchomorpha. The Aphelenchoidoidea appear as a lineage independent of Aphelenchidae plus tylenchids sensu stricto; the two clades are apparently nested within different superfamilies of cephalobids, the Panagrolaimoidea and Cephaloboidea, respectively (Blaxter et al., 1998; Holterman et al., 2006; Meldal et al., 2007) . The implications of extant phylogeny for independent evolution of the stomatostylet are striking. Although Siddiqi (1980) hypothesized independent origins of ''Aphelenchida'' (a taxon of traditional classifications grouping Aphelenchoidoidea and Aphelenchidae) and tylenchids sensu stricto, most traditional systems recognize a general affinity of these two groups (Paramonov, 1960; Andrá ssy, 1976; Maggenti, 1981; ) . In recent studies, incongruence with classical hypotheses has been suggested to be a consequence of artifact in analysis (Holterman et al., 2006) .
Musculature comprises the best documented and most readily comparable element of the stomatostylet apparatus across stomatostylet bearing nematodes. Patterns of splitting in primary protractor muscles are the same in all taxa examined. Whether this is the result of convergence because of the functional constraints in the way triradiate muscles can attach to a hexaradiate framework, the result of shared ancestry of all stomatostylet bearing nematodes, or both (such as by parallel evolution) remains a question dependent upon greater resolution of the relationships between these taxa and outgroups. The presence of a similar pharyngeal neuron associated with the stylet musculature is an interesting shared character common to both Aphelenchus avenae and Aphelenchoides blastophthorus. Inspection of unpublished TEM micrographs indicates that the homolog of this neuron may be present in other tylenchids such as M. incognita and H. glycines, although if so it is not expressed so prominently. Precise identification and greater taxon sampling should reveal the phylogenetic significance of this character across stomatostylet bearing nematodes. Furthermore, the possible homolog of this neuron in A. complexus is not known. Discovery of this character in the context of precise pharyngeal nerve maps of C. elegans (Albertson and Thomson, 1976; White et al., 1986) , if shown to be conserved to the level of other feeding related structures, could provide another test of congruence of stegostom homologies.
Homologies of anterior syncytia in nematodes with stomatostylets are not yet characterized to the degree of those of A. avenae, and are thus not as easily comparable. Yet the model established for A. avenae can be readily extended to other taxa, given the compelling amount of conservation of these structures between widely varying mouthpart morphologies. Of particular interest is the position of the dorsal gland orifice (DGO), which is located closely posterior to the base of the stylet in tylenchids sensu stricto but relatively far posteriad in the large metacorpi of A. avenae (Aphelenchidae) and Aphelenchoidoidea. The position of the DGO has been an important taxonomic character in dividing tylenchids from ''Aphelenchida.'' Furthermore, the position varies considerably within tylenchids sensu stricto. Reconstruction of this character including the associated pharynx in representatives of all three taxa may supply morphological evidence for resolving their interrelationships. Additional evidence will be required for stronger tests of congruence, including sequences from alternate loci to complement rRNA datasets, especially from currently undersampled groups. Other independent morphological evidence, such as characters of conserved sensory structures, is also significant given the current paucity of congruent characters for more inclusive clades, particularly a clade exclusive to cephalobids and tylenchids.
